ABSTRACT: Introduction: Optimal frequency modulation during functional electrical stimulation (FES) may minimize or delay the onset of FES-induced muscle fatigue. Methods: An offline dynamic optimization method, constrained to a modified HillHuxley model, was used to determine the minimum number of pulses that would maintain a constant desired isometric contraction force. Results: Six able-bodied participants were recruited for the experiments, and their quadriceps muscles were stimulated while they sat on a leg extension machine. The force-time (F-T) integrals and peak forces after the pulse train was delivered were found to be statistically significantly greater than the force-time integrals and peak forces obtained after a constant frequency train was delivered. Discussion: Experimental results indicated that the optimized pulse trains induced lower levels of muscle fatigue compared with constant frequency pulse trains. This could have a potential advantage over current FES methods that often choose a constant frequency stimulation train.
romuscular electrical stimulation delivered in a functional modality, is widely used in clinical applications to induce voluntary-like muscle contractions through the delivery of low-level electrical pulses to peripheral nerves. 1 FES allows individuals with mobility impairments to perform functional tasks, such as standing and walking 2 or grasping, 3, 4 and it is also used to correct physical impairments, such as loss of arm control 5 and drop foot. 6 FES recruits motor units in a nonselective, spatially fixed, and temporally synchronous pattern, compared to voluntary muscle recruitment, during which motor units are asynchronously activated at lower frequencies. This has been shown to cause muscles to fatigue more rapidly during FES and shortens the duration of continuous FES use. 7, 8 Effective fatigue management is relevant to FES applications to maintain a muscle force for a longer period that supports activities of daily living. Factors that affect muscle fatigue during FES include stimulation method, composition of the muscle fibers, state of training of the muscle, and duration of the performed task. Stimulation frequency and stimulation pattern, [9] [10] [11] sequential stimulation, 12 size order recruitment, 13 asynchronous stimulation, 12, 14, 15 and feedback-based frequency modulation on closed-loop systems 8 can impact the onset of fatigue. FES applications generally use constant frequency trains (CFTs), which are pulse trains with equally spaced pulses, to activate skeletal muscles. Recently, variable frequency trains (VFTs), and doublet frequency trains (DFTs) have been shown to improve significantly the force production from the fatigued muscles. 8, [16] [17] [18] [19] Increasing stimulation frequency is considered to cause muscle to fatigue, but when the force produced by the stimulation is well controlled, this effect was shown to diminish. 20 Increasing stimulation frequency after increasing intensity was also shown to be superior to solely increasing intensity while maintaining a desired force. 21 Thus, stimulation pattern muscle fatigue can be controlled to some extent while maintaining a desired force. However, the design of frequency modulation seems to be experiential or heuristic. For example, in some experimental results, 22 if the pulse train pattern or experimental protocol is not well designed or optimized, DFT may Abbreviations: A, scaling factor for the force and the shortening velocity of the muscle; a A , parameter representing the change in A as a result of muscle generated force; a Km , parameter representing the change in K m as a result of muscle generated force; a s1 , parameter representing the change in s C as a result of muscle generated force; CFT, constant frequency train; C N , representation of muscle calcium dynamics; DFT, doublet frequency train; EMG, electromyography; F, muscle generated force; FES, functional electrical stimulation; K m , sensitivity of strongly bound cross-bridges to C N ; MVIC, maximum voluntary isometric contraction; R i , mathematical representation of the impact of C N from stimuli delivered at time t i where i 5 0 denotes its initial value; SCI, spinal cord injury; s 1 , time constant of force decay at the absence of strongly bound cross-bridges; s 2 , time constant of force decline due to the extra friction between actin and myosin resulting from the presence of cross-bridges; s C , time constant representing the recovery time constant of C N ; s fat time constant representing the fatigue time constant of A; F-T, force-time; PW, pulse width; Std, standard deviation; t i , time of the i th stimulation; VFT, variable frequency train Key words: dynamic optimization; FES; functional electrical stimulation; Hill-Huxley model; muscle fatigue; muscle force prediction; neuromuscular electrical stimulation Funding: This work was funded in part by the National Science Foundation (award Nos. 1462876 and 1511139) and the National Institutes of Health (grant No. 1R03HD086529-01).
not delay muscle fatigue compared with CFT. Therefore, a motivation exists to identify a systematic method to design or optimize stimulation frequency during FES. One method would be to use a mathematical model that describes relationships between stimulation frequency and muscle force and stimulation frequency and muscle fatigue. Based on this model, an optimal stimulation frequency can be computed in a systematic manner instead of using experiential or heuristic approaches.
A Hill/Huxley-type nonlinear model was presented and used to predict successfully skeletal muscle force of rats 23 and rabbits. 24 It was also validated on humans to predict muscle force and FES induced fatigue. 19, [25] [26] [27] [28] [29] [30] [31] This model has its unique merits because it can predict muscle force and fatigue in response to a wide range of electrical stimulation frequencies. 31 Law and Shields 32 showed that the Hill/Huxley model predicts muscle force-time profiles more accurately than a second-order nonlinear model. 33 Limited research has been performed on an optimization method that uses the Hill/Huxley-type model to control muscle fatigue. However, a dynamic optimization approach for varying frequency that optimizes muscle force and fatigue to produce a desired motion still remains to be explored.
Building on our previous work 34 that adopted a Hill/Huxley-type nonlinear model developed by Ding et al.
19,25-29 we used a dynamic optimization approach to determine an optimal stimulation sequence to activate the quadriceps muscle isometrically. We hypothesized that the quadriceps muscle would be less fatigued following the delivery of the offline optimized pulse train than when stimulated with CFT. It was therefore expected that both peak force and force-time integral would be higher in the optimized pulse train condition than in the CFT condition.
MATERIALS AND METHODS
Dynamic Model for Isometric Muscle Contractions. The modified Hill-Huxley model described in Ding et al. 29 was used to predict the muscle response. The model consists of 2 sets of differential equations that define a force model and a fatigue model. The force that the muscle generates is modeled as Experimental Test Setup. Prior approval to conduct the study was obtained from the University of Pittsburgh Institutional Review Board, and informed consent was obtained from research participants. Participants were included in the study if they were between ages 18 and 40 years, healthy, able to walk normally, and able to pass an assessment of safety by a physiatrist. Exclusion criteria were a history of a neurological or an orthopedic disease that impaired normal lower limb movement, absent sensation in lower leg, and pregnancy. Experiments were conducted on a leg extension machine, fitted with a load cell to measure isometric knee extension force. The leg extension machine allows the participant to be seated with the thigh supported and the lower leg hanging to allow flexion and extension of the knee. In this application, straps were used to hold the participant's leg in place securely. The extension arm was locked in place such that the participant's knee angle was maintained stationary at a joint angle of approximately 90 degrees. DuraStick Plus (Chattanooga, DJO Global, , United Kingdom) surface electrode pads (2.75 3 5.00 in.) connected to an FNS-8 8-channel stimulator (CWE, , PA) were placed distally over the vastus medialis muscle, and the other was placed proximally over the rectus femoris muscle to produce isometric knee extension. For experiment replication and to obtain best muscle output, motor point identification can be beneficial. 36, 37 Alternatively, using a trial and error approach (i.e., by moving around the electrodes) can be employed to determine an optimal electrode placement site. In this study, the latter approach was followed, and, to ensure that stimulation pads were placed consistently for all the experimental trials, the skin site was marked by using a pen marker. Also, prior to starting each testing session, the magnitude of the force response to the potentiation was measured to maintain consistency in testing sessions. FES stimulates the human leg to exert force against the stationary extension arm, so the FES-induced muscle force is considered to be isometric. The load cell, which is a bidirectional force transducer (LC101 model; HBM, Hesse, Germany), was placed 13 in. from the fulcrum of the knee. The load cell was calibrated with a gain defined appropriately to render force (N). Data from the load cell were collected by using a Quanser (Markham, Ontario, Canada) Q8-US data acquisition board and was recorded by using Simulink (MathWorks, Natick, MA) at a rate of 200 Z. All data were filtered with a 12th-order Butterworth filter with a normalized edge frequency of 0.2 p radians per sample. Figure 1 shows the process used to conduct experiments and to process data.
Maximum Voluntary Isometric Contraction. The maximum voluntary isometric contraction (MVIC) force was determined as described elsewhere. 29 Each participant was asked to perform a maximum voluntary contraction. To confirm that the participant was producing maximum force, an 11-pulse, 100-HZ stimulation was delivered during the contraction. The experiments were performed by using a pulse width (PW) of 900 ls. A PW of 500 ls did not render force values high enough to be consistent from one pulse train to the next. Higher PW up to 900 ls were tested and produced more predictable results. The use of 900 ls PW in the study is atypical; the recommended range for FES studies is up to 600 ls. Higher PWs, up to 1,000 ls, have been used mainly for H-reflex types of studies. 38 When the measured force did not increase by more than 10%, the force was considered to be the MVIC force. After we measured MVIC, the stimulation current amplitude was adjusted such that a 6-pulse, 100-HZ pulse train produced a muscle force of approximately 20% of the MVIC. The muscle was then rested for 5 min. The purpose of performing this experiment was to define an appropriate stimulation magnitude that would be used for the duration of testing. The standardized pulse defined in this experiment was used for all the remaining experiments for a given participant.
Fatiguing Protocol.
Muscle potentiation. During the muscle potentiation, a series of brief stimulation pulse trains were delivered to the muscles in a manner such that the muscles were not fatigued significantly but were activated and prepared for further stimulation. 18, 27, 39 The force generated during this experiment was also checked for consistency between trials. When potentiating peaks differed significantly from the peak force measured in the previous session, the surface electrode pads were relocated until the measured peak force matched the previous session's peak force. The muscle potentiation sequence used throughout the parameter identification experiments was a series of 35 CFT trains, each 800 ms in duration, in which each train was composed of 12 pulses with 14 Hz and 900-ls PW and spaced 5 s from the end of the previous train.
Fatiguing sequence. After the muscles were potentiated, the fatiguing sequence was delivered to induce fatigue in the muscle and measure the forces generated by the muscle as it fatigued. The data collected during the experiment were used to identify the muscle parameters for the muscle model. The fatiguing protocol consisted of a 20-pulse, 50-HZ CFT followed, by a 14-pulse, 12.5-HZ VFT, followed by 13-pulse, 33-HZ CFT pulse trains. All pulses had 900-ls width. The series of pulse trains was repeated 10 times to fatigue the muscle. The 13-pulse, 33-HZ CFT was used because it had been determined to be the most effective train for fatigue model parameter identification in Ding et al.
29
Optimized Pulse Train Calculation. The optimization toolbox fmincon (MathWorks), in which interior-point method was selected as the optimization method, was used to compute the optimized stimulation train to track a constant force reference. The optimization problem was to find an optimal series of stimulation pulse times that minimized the error between the predicted force and force reference and to minimize the number of pulses delivered. The optimization problem is defined as follows.
FIGURE 1.
Flowchart shows the order of the experiments performed in the study. The parameter identification experiments were performed in a specific order to obtain the model parameters for the force and fatigue models. For all participants, the same potentiation protocol was used, and rest periods of 5 s between the end of the potentiation protocol and the beginning of the data trial were maintained.
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subject to: system dynamics in eqs. (1) and (2) t i 2t i21 > 10ðmsÞ 8i51; 2; . . . ; k (3a)
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where C in eq. (3) is the cost incurred by the system. F p is the model-predicted force for a sequence of stimulation pulses, F r is the reference (or desired) force, k is the number of pulses delivered to the muscle over the sampling period, and L is a weighting factor of k. The constraint in eq. (3a) limits the time between pulses to be greater than 10 ms, which imposes an upper limit on the stimulation frequency of 100 Z. Condition in eq. (3b) is a physical limit of the stimulator hardware because the muscle stimulator is limited to stimulation pulse times that are multiples of 5 ms, which limits the pulse frequency to integer multiples of n where f 5 1/(n Á 5 ms; i.e., . . . 20.0 Z, 22.2 Z, 25.0 Z, 28.6 Z. . .). N is the highest integer multiple of n, which is constrained only by the longest possible time between stimulations. The condition in eq. (3c) regulates the optimization period to be 30 s. Alpha level was set at 0.05 a priori. To test the hypothesis, a Wilcoxon signed-ranks test was used to compare the variables of peak force and force-time integral during 2 conditions, (1) delivery of a CFT and (2) when stimulated with the offline optimized pulse train.
RESULTS

Model Parameter Identification Procedure And
Results. Trials were performed on 6 male participants. The average age of participants was 25 years (SD 2.53), average height was 179.5 cm (SD 2.88), and average weight was 73.8 kg (SD 7.33).
Model parameters were identified by using the results of the fatiguing protocol in 2 stages. First, only the dynamics in eq. (1) were modeled, and the parameters for the nonfatigued muscle were identified by using a mean-squared-error cost function. The parameters were identified over the first fatiguing series (first 15 pulse trains) because the muscle had not yet completed the fatiguing protocol. Therefore, it was reasonable to assume that the muscles were not fatigued. The muscle fatigue induced by the first series of pulses was minimal. It is evident, as shown in Figure 2 , that the muscle force magnitude does not change much. In this stage, the optimization identifies only the force model parameters in eq. (1) 
subject to the dynamic constraints implicit in eq. (4), where e RMS is the root mean square error incurred by the system, F p is the force predicted for pulses in the fatiguing sequence, u, by eqs. (1) and (2) at sample n, F m is the measured force during the fatiguing protocol. The results of this optimization for 1 participant are shown in Figure 2 . After nonfatigued model parameter identification, the fatigue model parameters, a A , a K m , a s 1 , and s fat , in eq. (2) were identified, and the optimization was repeated with all force parameters (A rest , s 1;rest , s 1 , and K m;rest ) bounded at 6 10% of the value obtained in the force parameter identification stage to account for any variability or muscle fatigue induced during the first set of stimulation pulses. All of the fatigue model parameters were set as free within reasonable bounds. This optimization was performed over the entire fatiguing protocol. The time constant of the calcium dynamics, s C , was set to 20 ms, which is consistent with earlier research 25, [27] [28] [29] and is identified throughout as sufficient for the human quadriceps muscles at various states of fatigue. Figure 3 shows an example of the result of the fatigue parameter identification.
All parameter identification optimizations were performed by using the interior-point algorithm. It should be noted that, because of the nonlinear nature of the model, the optimization algorithm may render a local minimum as a solution. To avoid local minimums, each stage of the optimization was performed multiple times beginning at unique, randomized starting points. The force parameter optimization was performed 100 times per data set. An optimization was terminated when the change in value of the cost function was less than 10
216 during a step. The 5 lowest cost force parameter sets were then used for fatigue parameter identification. All 5 fatigue parameter sets were compared with the CFT data. The set with the minimum mean-squared error was recorded as the identified parameter set. Table 1 displays the nonfatigued parameters obtained for all test participants. Note that this also includes the force model parameters that were bounded at 610% of the parameters identified for the nonfatigued state.
Experimental Comparison of Optimized and Constant
Frequency Pulse Trains. Model parameters were identified for all participants as discussed above and identified in Table 1 . Wilcoxon analyses showed that peak force (P 5 0.0156) and forcetime integral (P 5 0.0156) were both significantly higher in the optimized pulse train condition than in the CFT condition.
Using the process illustrated in Figure 1 , we performed the constant frequency experiments, followed by the optimized pulse train calculation and the optimized pulse train experiment. The fatigue of the muscle was evaluated following delivery of each CFT or optimized pulse train. The results of these trials are displayed in Table 2 .
In the constant frequency experiment, the quadriceps muscle was stimulated with a 30-s, 50-HZ CFT. The muscle was potentiated prior to the CFT, followed by a 5-s rest period. The 30-s CFT was then delivered to the muscle. Five seconds after the 50-HZ CFT train, a train of pulses was delivered to assess the level of fatigue in the muscle. This train included a series of 5-s CFTs, with the frequency of each train increased by 10 Z from 30 to 100 Z. The results of the constant frequency experiment were used to evaluate the force-time integral of the muscle response. This force-time integral was used to calculate a constant-force reference by taking the average of the optimized pulse train such that the time integral of the FIGURE 3. Two 60-s-long epochs are shown, the first 60 s of stimulation (top) and 60 s between 170 and 230 s (bottom). Both top and bottom show predicted force and measured force during fatigued parameter identification protocol. Two epochs were used to show the fatigue-induced effect, which was considerable reduction in muscle force at the later stages of the fatiguing protocol. For brevity, data from the full experiment were not plotted, but a comparison of the plots demonstrates the capability of the model to account for muscle fatigue. [Color figure can be viewed at wileyonlinelibrary.com] 
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Std: standard deviation.
*s c 520 ms is a constant for every participant.
constant-force reference was the same as the force-time integral for 50-HZ CFT. This force reference value was used to compute the optimized pulse train as described below. The final experiment evaluated the force-time integral of the optimized pulse train. The pulse train was optimized to induce less muscle fatigue while producing approximately the same forcetime integral as the constant pulse train. Prior to delivering the optimized pulse train, the muscle was potentiated in the same fashion to that performed in the previous experiments. The 30-s optimized pulse train was then delivered to the muscle. The frequency sweep, applied to the muscle at the end of this experiment, was identical to the frequency sweep delivered following the delivery of the CFT. The peak force and force-time integrals during the frequency sweep were used to compare the fatigued state of the muscle following the CFT and pulse train experiments. The pattern of a 30-s optimized pulse train is shown in Figure 4 for the representative participant (participant 6). Each spike in the figure represents a pulse that occurred at the corresponding time. The density of the spikes demonstrates how the frequency of the pulse increases as the muscle fatigues.
Five seconds after the optimization train and the CFT, a frequency sweep of 5-s CFTs, starting from 30 Z and ending at 100 Z, was delivered, in which the frequency of each subsequent CFT train increased by 10 Z. Figure 5 shows the measured forces during constant and optimized pulse trains applied on a representative participant (participant 6). The experiment results also show a notable improvement in the peak magnitude of the force in all cases. The resulting force response for both trials is shown for a participant (participant 6) in Figure 6 . The results for all participants are shown in Table 2 . These results suggest that the muscle was more fatigued after the delivery of a CFT than when the muscle was stimulated with the offline optimized pulse train.
DISCUSSION
This study highlights the effectiveness of dynamic optimization in predicting the pulse train necessary to elicit a sustained muscle force response in a manner that will reduce muscle fatigue. Compared to previous research, 8, 14, 16, 17, 21 a mathematical nonlinear model was used to compute the optimal pulse trains, and, compared to Ding et al., 19 the optimized varying frequency was searched through the dynamic optimization approach. According to the experimental results, this pulse train was shown to fatigue the muscle less while producing equivalent force-time OT, optimized train; CFT, constant frequency train; F-T, force-time ;N, Newton; Ns, Newton second; P, participant; Std, standard deviation. integrals compared with the CFT. This implies that the pulse trains were able to minimize muscle fatigue while generating the desired isometric force.
The current study considered isometric muscle contractions. This model can be extended to dynamic contractions by adding force-length and force-velocity relationships. For example, in Perumal et al., 31 the model was scaled to isovelocity knee joint movements. Muscle fatigue may depend on the muscle length, which is neglected in the model. 35 Other factors, such as muscle architecture, 35 muscle functional properties, 40, 41 muscletendon length and its ratio, [41] [42] [43] [44] and tendon stiffness/compliance 41 that influence the characteristics of the force-frequency response, can also improve the FES protocols if they are included in the model. 45 The current system cannot mathematically account for the error due to external disturbances or modeling uncertainties in eqs. (1) and (2) . The optimized pulse trains were computed offline and then applied to the human musculoskeletal system in an open-loop manner. Ideally, a closed-loop control scheme would be developed to track more closely the force reference and drastically reduce a compounded error during these tests. Additionally, the small sample size likely contributed to skewness of data; as such, nonparametric analyses were used. Also, only 1 muscle group was tested, so these findings may not be generalizable to other muscle groups. Finally, all participants recruited for this research possessed normal voluntary muscle control. Individuals with muscle atrophy from paralysis from spinal cord injury (SCI), sarcopenia, or deconditioning could, theoretically, benefit from optimizing this stimulation paradigm. In fact, some researchers 46 have studied the applicability of this model to people with SCI. However, additional investigation must be performed to identify whether our method would reduce muscle fatigue in people with various conditions associated with muscle atrophy. Severe atrophy may render muscle responses to FES stimulation difficult to predict. Persons with complete paralysis due to SCI may have muscle atrophy that is quite severe, especially if the condition is chronic. 2 Motor evoked potentials and muscle action potentials that are measured through electromyography (EMG) signals are usually used to investigate the mechanisms of central and peripheral fatigue. The current study did not record EMG signals to monitor the effects of peripheral mechanisms of fatigue. EMG can be used to determine nerve conduction velocity, which is known to decrease due to peripheral muscle fatigue. 47 Rather, a mathematical model was used to predict the effects of muscle fatigue.
In conclusion, our results suggest that the dynamic optimization method presented here could be implemented to reduce muscle fatigue, a factor limiting the clinical application of FES.
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